ACKNOWLEDGMENTS
We thank K. Imoto for comments on this manuscript, D. Kase for technical advice on in vivo recordings at the initial stage, and A. Wakasa and K. Urakawa for their technical support on the intrahippocampal kainate model. N.S., S.L., T.O., and T.I. are inventors on a patent (World Intellectual Property Organization WO2014/115764) related to clinical use of stiripentol as LDH inhibitors, and N.S. and T.I. are also inventors on a patent (Japan JP2015-023572) related to isosafrole as antiepileptic compounds. These patent applications have been filed by Okayama University. All data described in the paper are presented in this report and supplementary materials. This work was supported by grants from the Japan Society for the Promotion of Science Analysis of single molecules in living cells has provided quantitative insights into the kinetics of fundamental biological processes; however, the dynamics of messenger RNA (mRNA) translation have yet to be addressed. We have developed a fluorescence microscopy technique that reports on the first translation events of individual mRNA molecules. This allowed us to examine the spatiotemporal regulation of translation during normal growth and stress and during Drosophila oocyte development. We have shown that mRNAs are not translated in the nucleus but translate within minutes after export, that sequestration within P-bodies regulates translation, and that oskar mRNA is not translated until it reaches the posterior pole of the oocyte. This methodology provides a framework for studying initiation of protein synthesis on single mRNAs in living cells. D uring translation, mRNAs are bound by the ribosome. Measurements of ribosome occupancy of mRNAs and protein abundance provide a genome-wide view of translation regulation (1, 2) . Fluorescence microscopy complements these global approaches because it allows analysis of gene expression with singlemolecule resolution in living cells and provides mechanistic insights obscured by ensemble measurements (3, 4) . Imaging methods have been developed that allow newly synthesized proteins to be discerned from the preexisting population or enable actively translating ribosomes to be identified within the cell; however, these approaches are limited by low signal-to-noise ratio and lack the resolution to correlate these events with specific mRNA molecules (5) . Here, we describe a single-molecule assay that allows untranslated mRNAs to be distinguished unequivocally from previously translated ones and provides a foundation for investigating the spatiotemporal regulation of translation in living cells.
Because the ribosome or its associated factors must displace endogenous RNA-binding proteins during the first round of translation, we reasoned that it would be possible to construct an RNA biosensor whose fluorescent signal would depend on this process. The orthogonal bacteriophage PP7 and MS2 stem-loops were used to label a transcript within both the coding sequence (PP7) and the 3′ untranslated region (UTR) (MS2) with spectrally distinct fluorescent proteins (6) . Simultaneous expression of the PP7 coat protein fused to a nuclear localization sequence (NLS) and green fluorescent protein (NLS-PCP-GFP) and the MS2 coat protein fused to an NLS and red fluorescent protein (NLS-MCP-RFP) resulted in nuclear transcripts labeled with both fluorescent proteins (Fig. 1A) . Upon export of the reporter mRNA, the first round of translation displaces NLS-PCP-GFP from the transcript, as the ribosome traverses the coding region that contains the PP7 stem-loops. The NLS limits the concentration of free NLS-PCP-GFP in the cytoplasm, yielding translated mRNAs that are labeled with only NLS-MCP-RFP bound to the stem-loops in the 3′ UTR (Fig. 1, A and B) . We refer to this technique as translating RNA imaging by coat protein knockoff (TRICK).
Efficient translation of a 6xPP7 stem-loop cassette required optimization of the distance between adjacent stem-loops, stem-loop folding, and codon usage so that they would not block or stall elongation of the ribosome, which might elicit decay of the transcript (7) (Fig. 1C) . The polypeptide encoded by the PP7 stem-loops has a molecular mass of~14 kD and is not homologous to any known protein. Binding of NLS-MCP-RFP to the 3′ UTR had no effect on translation, and binding of NLS-PCP-GFP to the PP7 stem-loop cassette in the coding region also did not result in reduced translation of the reporter mRNA (Fig. 1C and  fig. S1 ). Similarly, binding of the fluorescent proteins to the reporter mRNA also did not alter the stability of the transcript ( fig. S2 ).
The TRICK reporter mRNA was expressed in a U-2 OS human osteosarcoma cell line stably expressing NLS-PCP-GFP and NLS-MCP-RFP. Fluorescenceactivated cell sorting isolated cells with small amounts of both fluorescent proteins, allowing detection of all reporter mRNAs (figs. S3 and S4). The cells were imaged on a fluorescence microscope equipped with two registered cameras, allowing simultaneous visualization of single mRNA molecules in both channels. In the nucleus, single mRNAs were fluorescently labeled with both red SCIENCE sciencemag.org 20 and green proteins and thus appeared yellow (Fig. 1D) . In contrast, almost all of the mRNAs appeared as red particles in the cytoplasm, indicating that only NLS-MCP-RFP was bound (Fig.  1, D and E) . Quantification of the steady-state number of yellow mRNAs in the cytoplasm revealed that~94% of TRICK reporter mRNAs had been translated at least once (Fig. 1, E and H) . To confirm that loss of NLS-PCP-GFP from cytoplasmic transcripts was translation-dependent, we induced transcription of the TRICK reporter by ponasterone A (ponA) in the presence of translational inhibitors (8) . Adding either cycloheximide, which inhibits elongation, or puromycin, which causes premature termination, for 30 min before induction of TRICK reporter mRNA expression resulted in an increase in the number of untranslated mRNAs in the cytoplasm (Fig. 1, F to H, and movies S1 to S3). Consistent with the imaging, polysome analysis indicated that NLS-PCP-GFP was absent from actively translating mRNAs, whereas NLS-MCP-RFP could be detected within polysomes ( fig. S5 ). This demonstrated that translation of the PP7 stem-loops by the ribosome was required for displacement of the green signal from the mRNA.
Although translation is thought to occur exclusively in the cytoplasm, recent studies suggest that protein synthesis can occur in the nucleus (9, 10) . Because the TRICK assay can distinguish between untranslated and translated mRNAs, we imaged TRICK reporter mRNAs in the nucleus 30 min after ponA induction. Single-particle tracking (SPT) of nuclear mRNAs determined that they undergo both corralled (D = 0.02 mm 2 s
) and random diffusion (D = 0.09
), similar to the movements observed for other nuclear mRNAs (11, 12) . We found 91.3 T 0.9% of mRNAs labeled with both colors, which is not significantly different from the fraction of double-labeled mRNAs in the cytoplasm of cells treated with translational inhibitors (P = 0.75, unpaired t test) ( fig. S6 , A and B, and movie S4). We cannot, however, exclude the possibility that the fusion protein rebound the PP7 stem-loops immediately after translation. If translation were occurring in the nucleus, addition of small amounts of cycloheximide would increase polysome formation, causing occlusion of the PP7 stem-loops and thereby preventing NLS-PCP-GFP from rebinding (13) (fig. S7A ). Similar to experiments in the absence of cycloheximide, 90.7 T 0.6% of nuclear mRNAs were labeled with both colors when cells were treated with 1 mg ml S7 , B and C, and movie S5). Although it is possible that nuclear translation could occur for specific mRNAs, this was not observed for the TRICK reporter. These findings are consistent with the previous observation that mRNAs containing premature stop codons are exported before undergoing decay in the cytoplasm (14) .
The rapid diffusion of mRNAs in the cytoplasm and photobleaching prevented us from imaging a single mRNA from the time it entered the cytoplasm until it was translated (figs. S8 and S9). Untranslated mRNAs, however, could be detected after export from the nucleus and were observed throughout the cytoplasm ( fig. S8 ). To verify these live-cell observations, we measured the spatial distribution of untranslated reporter mRNAs in fixed cells, using a combined immunofluorescencefluorescence in situ hybridization (IF-FISH) approach. FISH probes targeted to the MS2 stem-loops allowed detection of all reporter mRNAs, whereas a GFP nanobody was used to identify the untranslated ones (fig. S10, A and B). In agreement with live-cell results, we observed a large percentage of cytoplasmic translated mRNAs (93.7%). As mRNAs ) and (G) addition of puromycin (100 mg ml diffuse away from the nucleus, their chances to collide with the 43S preinitiation complex and become translated increase over time. Indeed, we observed that the fraction of untranslated mRNAs decreased gradually as the distance from the nucleus increased ( fig. S10C ). Spatial profiles of untranslated mRNAs demonstrated that some mRNAs diffused micrometers away from the nucleus before undergoing translation, indicating that translation does not occur immediately upon export, but occurs minutes after the mRNA has entered the cytoplasm (the time fig. S9 ). Furthermore, we find no evidence for enrichment or depletion at specific cytosolic locations, suggesting that translation can occur homogeneously throughout the cytoplasm. We next investigated how stress conditions affect translation. Upon a variety of cellular stresses, signaling pathways inhibit translation through phosphorylation of eukaryotic translation initiation factor 2a (eIF2a), resulting in disassembly of polysomes and formation of cytoplasmic stress granules and processing bodies (P-bodies), cytoplasmic organelles whose role in RNA metabolism is not well understood (15, 16) . The mRNAs and proteins that constitute these organelles are dynamic and rapidly exchange with the cytosol (17, 18) . However, mRNAs containing 5′ terminal oligopyrimidine (TOP) motifs accumulate in stress granules upon amino acid starvation, suggesting that certain mRNA classes may be differentially regulated within these compartments (19) . To characterize the spatiotemporal regulation of 5′ TOP mRNA translation during stress, a tetracycline-inducible HeLa cell line expressing a 5′ TOP TRICK reporter mRNA with green (NLS-PCP-GFP) and red (NLS-MCP-Halo; JF 549 ) fluorescent proteins required for single-molecule RNA imaging were stressed with arsenite. 5′ TOP TRICK mRNAs were detected as single molecules distributed throughout the cytosol or located within stress granules and P-bodies. Only mRNAs sequestered within P-bodies formed large clusters. This association with P-bodies was specific for the 5′ TOP TRICK mRNAs because a reporter that lacked the 5′ TOP motif did not form multimeric assemblies within these cytoplasmic foci (Fig. 2, A to C) .
To address the translational regulation of cytosolic mRNAs and those clustered in P-bodies, we induced transcription of the 5′ TOP TRICK reporter mRNA for a short period before addition of arsenite. This resulted in an increase in the number of untranslated mRNAs in the cytoplasm to be detected compared to unstressed cells, consistent with an inhibition of eIF2.GTP.Met-tRNAi Met formation (Fig. 2, D and F) . The untranslated 5′ TOP TRICK reporter mRNAs in the cytoplasm were detected as either single mobile mRNAs or static clusters within P-bodies. Photobleaching of the clustered mRNAs indicated that they were stably associated with P-bodies ( fig. S11 ). Upon removal of arsenite, 5′ TOP TRICK mRNAs in the cytosol underwent translation; however, the clustered transcripts retained in P-bodies remained untranslated, indicating that these cellular structures can provide a distinct level of regulation (Fig. 2, E and F, and movies S6 to S7).
Messenger ribonucleoprotein (mRNP) granules form not only during cellular stress, but also as part of normal regulatory pathways. In Drosophila, localized expression of Oskar protein at the posterior pole of the oocyte is essential for correct body patterning and germ cell formation (20) . Precise spatiotemporal translational regulation is crucial during long-range transport of oskar mRNA (osk) from the nurse cells, where the mRNA SCIENCE sciencemag.org is transcribed, to the posterior pole of the oocyte, where Oskar protein first appears during midoogenesis (stage 9) (21, 22) . Additional mechanisms ensure degradation of ectopically expressed Oskar protein; hence, absence of the protein does not indicate lack of translation of its mRNA (23) .
To monitor translation, we generated an osk-TRICK reporter mRNA by placing 12xPP7 stemloops within the coding region of a construct that contained 6xMS2 stem-loops in the 3′ UTR ( fig.  S12) (24) . Introducing 12xPP7 stem-loops into the open reading frame of osk mRNA did not inhibit translation of the reporter transcript, and the fusion protein was expressed at levels comparable to that of the wild-type protein (Fig. 3A) . In earlystage oocytes of flies coexpressing osk-TRICK mRNA, NLS-MCP-RFP, and NLS-PCP-GFP, osk-TRICK mRNA was labeled by both NLS-PCP-GFP and NLS-MCP-RFP, indicating translational repression consistent with the absence of Oskar protein (Fig. 3B) . In later stages, the NLS-PCP-GFP fluorescent signal was reduced at the posterior pole and Oskar protein was detected by immunofluorescence, consistent with translation of a portion of the transcripts (Fig. 3, B and C) . This methodology provides a framework for analyzing the cascade of regulatory mechanisms required for local translation during Drosophila development. It will also be informative in neurons where regulation of the first round of translation has been shown to be important for local protein synthesis in axons and dendrites (25, 26) .
This methodology pinpoints the precise time and place of the first translation event of single mRNA molecules. It reveals the translation control of mRNAs sequestered within cytoplasmic organelles or when and where the translation of a key cell fate determinant occurs in an organism undergoing development. The kinetics of translational regulation can now be coupled with singlemolecule imaging of proteins to provide insights into mechanisms of regulation that were previously unapproachable by ensemble biochemical or genetic approaches (27) . Observing regulation of mRNA translation in single living cells will lead to a better understanding of disease mechanisms. Base-pairing interactions between nucleic acids mediate target recognition in many biological processes. We developed a super-resolution imaging and modeling platform that enabled the in vivo determination of base pairing-mediated target recognition kinetics. We examined a stress-induced bacterial small RNA, SgrS, which induces the degradation of target messenger RNAs (mRNAs). SgrS binds to a primary target mRNA in a reversible and dynamic fashion, and formation of SgrS-mRNA complexes is rate-limiting, dictating the overall regulation efficiency in vivo. Examination of a secondary target indicated that differences in the target search kinetics contribute to setting the regulation priority among different target mRNAs. This super-resolution imaging and analysis approach provides a conceptual framework that can be generalized to other small RNA systems and other target search processes.
B ase-pairing interactions between nucleic acids constitute a large category of target recognition processes such as noncoding RNA-based gene regulation [e.g., microRNAs (1) and long noncoding RNAs (2) in eukaryotes and small RNAs (sRNAs) in bacteria (3)], bacterial adaptive immunity [e.g., the clustered regularly interspaced short palindromic repeat (CRISPR) system (4)], and homologous recombination (5) . Although target search kinetics by transcription factors has been studied in vivo (6), the rate constants for target identification via basepairing interactions in vivo are not known for any system. Here, we developed a super-resolution imaging and analysis platform to assess the kinetics of base-pairing interaction-mediated target recognition for a bacterial sRNA, SgrS. SgrS is produced upon sugar-phosphate stress, and its function is dependent on an RNA chaperone protein Hfq. SgrS regulates several target mRNAs posttranscriptionally through base-pairing interactions that affect mRNA translation and stability (7). We combined single-molecule fluorescence in situ hybridization (smFISH) (8) with singlemolecule localization-based super-resolution microscopy (9) to count RNAs and obtain information on subcellular localization. High spatial resolution is required for accurate quantification of the high-copy-number RNAs and sRNA-mRNA complexes. Here, simultaneous measurements of sRNA, mRNA, and sRNA-mRNA complexes together with mathematical modeling allow determination of key parameters describing sRNA target search and downstream codegradation of sRNA-mRNA complexes.
We first studied the kinetic properties of SgrS regulation of ptsG mRNA, encoding a primary glucose transporter. SgrS binds within the 5′ untranslated region (UTR) of ptsG mRNA, blocks its translation, and induces its degradation (10) . We induced stress and SgrS production in Escherichia coli strains derived from wild-type MG1655 (table S1) using a nonmetabolizable sugar analog, a-methyl glucoside (aMG) (10, 11) . Fractions of cell culture were taken at different time points after induction and fixed (12) . Oligonucleotide probes (table S2) labeled with photoswitchable dyes, Alexa 647 and Alexa 568, were used to detect SgrS (9 probes) and ptsG mRNA (28 probes), respectively, using smFISH (8) . We then imaged the cells using two-color threedimensional (3D) super-resolution microscopy (9, 12) ( Fig. 1A ; compare to diffraction limited images in Fig. 1B) .
In the wild-type strain (table S1), we observed production of SgrS and corresponding reduction of ptsG mRNA over a few minutes (Fig. 1A) , consistent with SgrS-mediated degradation of ptsG mRNA (10) . In a strain producing an SgrS that does not base pair with ptsG mRNA due to mutations in the seed region (13, 14) and in an Hfq deletion (Dhfq) strain (table S1), ptsG mRNA reduction was not observed (figs. S1 and S2). To quantify the copy number of RNAs in each cell, we employed a density-based clustering algorithm to map single-molecule localization signal to individual clusters corresponding to individual RNAs (12, 15, 16) (Fig. 1C and movies S1 and S2) . The absolute copy number quantification was validated by quantitative polymerase chain reaction (qPCR) (12) (Fig. 1D) .
We next built a kinetic model containing the following kinetic steps: transcription of SgrS (with rate constant a S ) and ptsG (a p ), endogenous degradation of ptsG mRNA (with rate constant b p ), degradation of SgrS in the absence of codegradation with ptsG mRNA (b S,p ), binding of SgrS to ptsG mRNA (with rate constant k on ), dissociation of SgrS from ptsG mRNA (k off ), and ribonuclease E (RNase E)-mediated codegradation of SgrS-ptsG mRNA complex (k cat ) (Fig. 1E) . We independently measured b p and the total SgrS degradation rate, including endogenous and mRNA-coupled degradation [table S4, fig. S3 , and supplementary materials section 1.9 (SM 1.9)]. Because ptsG mRNA levels remained constant in the absence of SgrSmediated degradation, as observed in the basepairing mutant strain ( fig. S1 ), we determined a p as the product of b p and ptsG mRNA concentration before SgrS induction (table S4 and SM 1.10)
To determine k on and k off , it is necessary to count the SgrS-ptsG mRNA complexes. Colocalization of ptsG mRNA and SgrS at the 40-nm resolution was rarely observed in the wild-type strain (up to~5%, similar to~3% colocalization by chance, estimated using the base-pairing mutant as a negative control) (Fig. 2) . This is possibly because SgrS regulates several other target mRNAs (7) and/or the SgrS-ptsG mRNA complex may be unstable due to rapid codegradation or disassembly. In an RNase E mutant strain, in which codegradation is blocked (17, 18) (table S1), ptsG mRNA levels stayed the same as SgrS levels increased ( fig. S4) (17, 18) , and a fraction of ptsG mRNA colocalized with SgrS, increasing over time to reach~15% (Fig. 2 and fig. S5 ). A positive control using ptsG mRNA simultaneously labeled with two colors (Fig. 2 and SM 1.8) showed a high degree of colocalization (~70%), similar to the reported detection efficiency of colocalization by super-resolution imaging (19) .
We then applied these measured parameters (a p and b p ), used total SgrS degradation rate as a constraint for b S,p , and determined the remaining parameters (a S , b S,p k on , k off , and k cat ) by fitting equations (Fig. 1E) to the six time-course changes of SgrS, ptsG mRNA, and SgrS-ptsG mRNA complex in both the wild-type and the RNase E mutant strains (Fig. 3A, table S4 , and SM 1.10).
We further validated the model by changing
